A low-cost polytetrafluoroethylene ͑PTFE͒-reinforced integral multilayered self-humidifying membrane Pt-C/sulfonated poly ͑ether ether ketone͒ ͑SPEEK͒/PTFE/Nafion was developed for proton exchange membrane ͑PEM͒ fuel cells. The membrane was based on a thin porous PTFE film, by which a Pt/C catalyst dispersed SPEEK resin ͑as the self-humdifying layer͒ and a small quantity of Nafion resin ͑as the antidegradation layer͒ on each side are bonded. The porous PTFE film tightly bonds with the SPEEK and Nafion resins to form an integral membrane and, accordingly, prevents delamination of the two different resins. Energy dispersive spectroscopy measurements were conducted to characterize the membrane structure. The single cell test of the self-humidifying membrane indicated its self-humidifying function. In recent years, proton exchange membrane ͑PEM͒ fuel cells, due to their advantageous characteristics of high efficiency, low operating temperature, and high specific power density, etc., have attracted much attention as alternative power sources for portable, stationary and mobile application.
In recent years, proton exchange membrane ͑PEM͒ fuel cells, due to their advantageous characteristics of high efficiency, low operating temperature, and high specific power density, etc., have attracted much attention as alternative power sources for portable, stationary and mobile application. 1 The proton conductivity of the PEMs, such as Nafion or sulfonated poly ͑ether ether ketone͒ ͑SPEEK͒, depends on the water content of the membranes. 2 So far, to ensure good hydration of the membrane electrolyte, the reactant gases are usually humidified through an external humidification system before entering the fuel cells. However, this method increases the weight and complexity of the system.
To operate the PEM fuel cells with dry reactants, Watanabe and co-workers proposed a method of fabricating self-humidifying membranes with highly dispersed nanosized Pt and/or metal oxides. 3, 4 The Pt particles catalyze the oxidation of crossover hydrogen with oxygen to generate water and the membrane is thus humidified. However, these composite membranes have nonuniform distribution of the Pt particles throughout the membrane and thus have the risk of forming an electron-conducting path via the network of the dispersed Pt particles. Liu et al. 5 reported a self-humidifying composite membrane, which was prepared by casting a mixture of Nafion solution and Pt/C catalyst onto a porous polytetrafluoroethylene ͑PTFE͒ film. Although the effect of gravity may lead to a gradient distribution of Pt/C catalyst through the membrane due to the existence of PTFE film, the possible formation of short circuit in the membrane is still a concern. Yang et al. 6 studied a two-layer self-humidifying membrane, which was prepared by first recasting the ink comprising of Nafion and Pt/C catalyst to form a Pt-C/ Nafion layer and subsequently by hot-pressing with the plain Nafion membrane. The Pt-C/Nafion layer ensures the hydration of the anode side and the plain Nafion layer at cathode can avoid the short circuit through the whole membrane.
Note that most of the reported self-humidifying membranes were based on the perfluorinated sulfonic acid resin ͑such as Nafion͒ due to its good chemical stability and high proton conductivity. [7] [8] [9] However, the high cost of Nafion resin is an impediment to the commercialization of PEM fuel cells. The hydrocarbon membranes ͑such as SPEEK͒, which are low cost and have high thermal/mechanical stability, have been widely investigated in recent years. The primary challenge for the hydrocarbon membrane used in PEM fuel cells is the oxidative degradation of the membrane by the peroxide intermediates generated at the cathode side. 10, 11 Recently, Yu et al. 12 developed a method to enhance the antioxidation ability of the hydrocarbon membrane. A thin Nafion membrane was hot pressed with a polystyrene sulfonic acid ͑PSSA͒ membrane to form a two-layer composite membrane. Tests showed that the Nafion membrane at the cathode side of the PEM fuel cells prevented the oxidative degradation of the PSSA membrane. However, the poor interlayer bonding between the hydrocarbon membrane and the Nafion membrane achieved by hot pressing may lead to delamination of the two different resins due to their different dimension changes under the aqueous and thermal conditions. 13, 14 The delamination leads to additional contact resistance at the interfaces between the layers and consequently the performance losses.
In this paper a novel low-cost PTFE-reinforced integral multilayered self-humidifying membrane Pt-C/SPEEK/PTFE/Nafion was developed to improve the cell performance under dry conditions. The membrane is based on a thin porous PTFE film, by which a selfhumidifying layer and a thin antidegradation layer on the two sides are bonded. The self-humidifying layer and the antidegradation layer are composed of Pt/C catalyst dispersed in SPEEK resin and a small quantity of Nafion resin, respectively. The porous PTFE film can tightly bond both with the SPEEK resin and the Nafion resin to prevent the delamination between the two layers. The performance of the self-humidifying membrane and the plain SPEEK/PTFE membrane in PEM fuel cells under fully humidified and dry H 2 /O 2 conditions were tested. Scanning electron microscopy ͑SEM͒ attached with an energy dispersive spectroscopy ͑EDS͒ was employed to characterize the self-humidifying membrane structure.
Experimental
Preparation and characterization of the self-humidifying membrane.-The multilayered self-humidifying membranes were prepared by the following procedure: first, the solution composed of 5% Nafion solution ͑DuPont Fluoroproducts, ion-exchange capacity ͑IEC͒ = 0.9 meq SO 3 H/g͒ was mixed with dimethylsulfoxide ͑DMSO͒ with a volume ratio of 1:1 and subsequently poured onto an extended porous PTFE film ͑10 m thick, ϳ85% in porosity, 0.3-0.5 m in pore diam͒. The film was heated at 75°C until dry. Thus, a Nafion layer, which was imbedded into a portion of porous PTFE film, was formed. Then, an appropriate amount of 20 wt% Pt/C catalyst was dispersed in the SPEEK solution. A small quantity of the solution was cast on the Nafion layer and subsequently dried at 75°C. This process was repeated several times, followed by treating the membrane at 120°C for at least 10 h. The loading of the platinum in the membranes was controlled at 0.04 mg/cm 2 . The self-humidifying membrane Pt-C/SPEEK/PTFE/ Nafion was about ϳ23 m in thickness, with 3 m of Nafion resin layer and about ϳ20 m of the SPEEK-containing layer. For comparison, the plain SPEEK/PTFE membrane, SPEEK/PTFE/Nafion ͑3 m of Nafion layer͒ and Pt-C/SPEEK/PTFE composite membranes were also prepared and their thickness was also kept as ca. 23 m.
The cross-sectional morphology and the elemental distribution z E-mail: zhanghm@dicp.ac.cn across the self-humidifying membrane were analyzed by SEM attachment of EDS ͑JSM-6360LV model equipped with Oxford INCA X-sight͒. Fresh cross-sectional cryogenic fractures of the membranes were vacuum sputtered with a thin layer of Au prior to the analysis. The distances between the specified positions of membrane samples were measured before ͑L 1 ͒ and after ͑L 2 ͒ the samples were soaked in deionized water at 80°C for 4 h. Then, the dimensional change of membranes ͑⌬L͒ was calculated from
The proton conductivity of the membrane was measured by electrical impedance spectroscopy ͑EIS͒. A frequency-response detector ͑EG&G model 1025͒ and a potentiostat/galvanostat ͑EG&G Model 273A, Princeton Applied Research͒ were used.
MEAs preparation and single cell evaluation.-The membrane electrode assemblies ͑MEAs͒ were fabricated by hot-pressing the anode and the cathode onto the membrane at 140°C and 10 MPa for 2 min. The Pt loadings of both the anode and the cathode were 0.4 mg/cm 2 . The active area of the MEAs was 5 cm 2 . The MEA was placed in a single cell using stainless steel as the end plates and stainless steel mesh as the current collectors. The cells were operated at 60°C and the humidifying temperature for H 2 and O 2 was also kept at 60°C. The operation pressure was set at 0.20 MPa and the gas utilizations were fixed at 90% for H 2 and 50% for O 2 . After stable performances were obtained, the cells were operated with dry gases. Before the performance data were recorded, the cells were kept running at 500 mA/cm 2 for 8 h at each experiment condition.
Results and Discussion
Principle of the self-humidifying membrane.- Figure 1 shows the structure of our novel self-humidifying membrane. It can be seen in Fig. 1 that the major part of the membrane is the self-humidifying layer and the other part is the antidegradation layer, both of which are bonded by the PTFE film. The self-humidifying layer constitutes of Pt/C catalyst dispersed in the SPEEK resin and is used on the anode side because the dryness of this side of the membrane is the main reason for the performance drop of PEM fuel cells under dry condition. 15 The Pt particles in the self-humidifying layer act as water generating sites by catalytic recombination of the crossover reactants. The low-cost SPEEK resin acts as the proton conductor. The thin antidegradation layer is composed of Nafion resin and is placed at the cathode side to effectively avoid short circuit across the whole membrane and to prevent the oxidative degradation of the SPEEK resin. Owing to the antidegradation layer at the cathode side, the peroxide intermediates cannot generate new radicals because of the high chemical and electrochemical stability of Nafion. 12 The short-lifetime peroxide intermediates would decompose within the Nafion resin and this ensures the stability of the SPEEK resin. Our novel self-humidifying membrane can ensure its structure stability without delamination between the SPEEK resin and the Nafion resin. The porous PTFE film can mechanically bond with the SPEEK and Nafion resins and plays a role of linker that link the two resins together as an integral membrane. 16 In other words, the bonding and linking effect of the PTFE film avoids the delamination of the SPEEK resin from the Nafion resin which is caused by their different dimension change under the fuel cell condition. Moreover, the PTFE-reinforced membrane allows thin membrane feasible to be employed in PEM fuel cells, which accelerates the water backdiffusion from the cathode to the anode and accordingly do benefit to the membrane self-humidification.
In summary, this structure-stable PTFE-reinforced selfhumidifying membrane not only satisfies the requirement of selfhumidifying the membrane close to the anode side, but also avoids short circuit across the membrane and prevents the oxidative degradation of the SPEEK membrane.
SEM and EDS analyses of the self-humidifying membrane.-To characterize the structure of the Pt-C/SPEEK/PTFE/Nafion selfhumidifying membrane, SEM attachment of EDS was employed. Figure 2 shows the cross-sectional morphology and the elements distribution along the thickness direction of the self-humidifying membrane. It is observed in Fig. 2a that the self-humidifying membrane shows no delamination through the whole membrane cross section. This indicates that the SPEEK and the Nafion resins have completely filled the holes of the PTFE film and are linked together by the PTFE film. The cross section of the self-humidifying membrane is divided into three regions denoted as section I ͑3 m͒, section II ͑7 m͒ and section III ͑13 m͒. To discern the distributions of the SPEEK and the Nafion resins in the cross section of the self-humidifying membrane, the membrane used K-form SPEEK, which was obtained by immersing the SPEEK resin in 0.1 M KOH solution for at least 24 h. By this treatment, the potassium ͑K͒ ion was used as a signal of K + -neutralized SPEEK. The EDS images show potassium element distribution in section II and section III in Fig. 2b , demonstrating the existence of SPEEK resin. In section I, however, no K element exists, implying only Nafion resin in this region. Fig. 2c shows sulfur ͑S͒ element distribution along the whole membrane cross section with different sulfur element content. The sulfur element contents of section II and section III are higher than 
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Electrochemical and Solid-State Letters, 9 ͑7͒ A332-A335 ͑2006͒ A333 that in section I. This is attributed to the different sulfur element contents in the SPEEK and the Nafion resin. The sulfur element content in SPEEK resin is higher than that in Nafion resin due to IEC value of 1.94 meq SO 3 H/g for SPEEK and of 0.9 meq SO 3 H/g for Nafion in our experiment. Combination of the results of the sulfur and the potassium element distributions clearly demonstrates that the section I should be the Nafion-containing layer and the sections II and III are the SPEEK-containing layer. Fluorine ͑F͒ element is dispersed in sections I and II, as shown in Fig. 2d , indicating that this region is the PTFE layer. Moreover, section I shows higher fluorine element content than that in section II. This is ascribed to the perfluorinated Nafion resin in section I and nonfluorinated SPEEK resin in section II. Note that the loading of the Pt particles in the membrane was too low to be analyzed. During the membrane preparation, the Pt/C catalyst was dispersed in the SPEEK resin and located at self-humidification layer. Therefore, the analysis by EDS is in good agreement with the design of selfhumidifying membrane shown in Fig. 1 .
Dimensional stability.- Table I shows the dimensional changes of the tested membranes. It is observed that the plain SPEEK and the Nafion membranes turn out obviously different dimensional change to each other. However, the dimension changes of the three PTFE-containing membranes are almost similar to each other and smaller than that of the pure ionomer membranes. This is due to the effect of PTFE-reinforcement. Based on this property, the PTFE film in our self-humidifying membrane bonds and links the two resins together as an integral membrane and accordingly improves the interface stability with nondelamination between the two resins.
Fuel cell performances.- Figure 3 shows the single cell performances employing the plain SPEEK/PTFE membrane, SPEEK/ PTFE/Nafion membrane, Pt-C/SPEEK/PTFE membrane and our self-humidifying membrane under dry conditions. It can be seen that SPEEK/PTFE/Nafion membrane shows similar performance to that of the plain SPEEK/PTFE membrane. This indicates that the thin Nafion layer, which acts as the antidegradation layer, does not have effect on improving the self-humidifying performance. Furthermore, the Pt-C/SPEEK/PTFE membrane and our self-humidifying membrane show much better performance than that of plain SPEEK/ PTFE membrane. The enhanced performance is attributed to the pronounced effect of Pt/C catalyst which can catalyze the reaction of the crossover gases to generate water and directly humidify the membrane.
From Fig. 4 one can see that the cell performances employing the plain SPEEK/PTFE membrane and our self-humidifying membrane under fully humidified condition are very close with their peak power density of 0.86 W/cm 2 and 0.83 W/cm 2 , respectively. This is consistent with their similar proton conductivity of 8.5 and 8.2 ϫ 10 −3 S/cm for plain SPEEK/PTFE membrane and the selfhumidifying membrane at 60°C ͑RH = 100%͒, respectively. However, the self-humidifying membrane exhibits much better performance with its peak power density of 0.68 W/cm 2 compared to 0.33 W/cm 2 for the plain SPEEK/PTFE membrane under dry condition. The Pt/C catalyst in the self-humidifying membrane contributes to the membrane hydration and accordingly improves the selfhumidifying performance. From Fig. 4 , it is concluded that the cell performance of the self-humidifying membrane is slightly influenced by humidifying conditions as compared to that of the SPEEK/ PTFE membrane. Figure 5 shows that the performance with the self-humidifying membrane does not exhibit obvious drop in both open-circuit voltage ͑OCV͒ and the voltage at 500 mA/cm 2 after 150 h operation at 60°C with dry reactants. This indicates that the self-humidifying membrane is stable and shows nondegradation under fuel cell conditions. Further investigation to enhance the self-humidifying performance is currently underway by using SPEEK resin of high IEC values and adding hygroscopic metal dioxide. 
